A new wave-front sensor for adaptive optics that gives signals for the curvature and the two gradient components of the wave front simultaneously is proposed. The sensor uses quad cells placed at the foci of an array of astigmatic lenslets, giving three intensity-normalized differential signals. The parameters of a single subdetector are optimized to maximize the curvature signal. The performance of such a sensor designed for a membrane curvature mirror is analyzed. The good match between sensor and mirror is exhibited by an almost diagonal response matrix between the mirror actuator controls and the curvature signals. © 2000 Optical Society of America OCIS codes: 010.7350, 010.1080.
Many medium-and high-spatial-order adaptive-optics systems to date have used either Shack -Hartmann (gradient-based) or curvature-based wave-front sensors. In curvature wave-front sensing, 1 the Laplacian of the phase ͑= 2 f͒ over the pupil is measured. In combination with curvature aberration correctors such as membranes 2 and bimorph mirrors, the match between sensor and corrector can result in wellconditioned systems. The standard curvature sensor detects variations in irradiance after propagation that result from the presence of curvature in the original wave front. A differential signal that is insensitive to other intensity f luctuations is obtained by measurement of the irradiance in two planes on either side of a focus. 3 One must also measure the normal derivative of the phase at the optical pupil boundary to detect those wave-front components that have a zero Laplacian. The Shack-Hartmann sensor uses a lenslet array to produce a set of foci on a single detector plane: the lateral position of each focus gives a measure of the local wave-front tilt at the corresponding lenslet. The relative simplicity of the Shack-Hartmann sensor has contributed to its popularity.
The hybrid sensor presented in this Letter more closely resembles a Shack -Hartmann sensor, which relies on measurement of the intensity in a single plane at the foci of a lenslet array. The sensor is based on the astigmatic focus detector 4 but is used instead to detect small wave-front curvatures. An array of astigmatic lenslets is used to produce a corresponding array of foci on a plane detector. The shape of each focus depends on the local curvature of the input wave, a quad-cell detector placed at the focus can be used to measure the curvature (Fig. 1) . The difference between the sums of signals from diagonal elements of the quad cell gives a differential signal that is dependent on the curvature of the input wave. The intensity-normalized curvature signal is
where s i is the signal from the ith quad-cell element. Signals for the two gradient components are also given:
Each lenslet of the array can be considered the sum of a pure focusing element and a pure astigmatic element of phase
where the parameters a and u 0 give the amount and the orientation of the astigmatic phase, respectively. The sensor response to an input aberration depends on these astigmatic parameters, on the quad-cell dimensions, and also on the geometry of the lenslet aperture. Consider f irst a circular lenslet geometry. Numerical (scalar) diffraction simulation was used to calculate the small-signal response of the detector for different values of astigmatic parameter a and quad-cell element size Dx. Figure 2 shows the curvature-signal sensitivity, ≠s c ͞≠b 5 , to a wave with curvature, whose phase is given by
where Z 5 ͑r, u͒ is Zernike defocus, with Zernike polynomials normalized over the unit circle:
The sensitivity is maximized for a ഠ 2.7 and for quad-cell elements Dx . 2lf͞D. Figure 3 shows the response of the curvature signal to different Zernike polynomial input phase aberrations,
for a 2.7 and Dx 2lf ͞D. The range over which the curvature-signal response to pure defocus is approximately linear is f inite but is more than adequate for a closed-loop adaptive-optics system. Note also that the responses of the curvature signal to other Zernike modes are smaller than for defocus, the largest response being for Z 13 corresponding to spherical aberration. The tilt signals are also affected by the choice of astigmatic parameter a. Figure 4 shows plots of the sensitivity of the tilt signals to pure Zernike tilt and the sensitivity of the curvature signal to pure Zernike defocus as a function of a. Note that a 0 corresponds to the standard Shack -Hartmann sensor.
The performance of the hybrid curvature sensor used in conjunction with an electrostatic membrane mirror, which is itself a curvature device, will now be considered. The geometry of the mirror, which consists of a circular membrane placed over a regular array of 37 hexagonal electrodes, is illustrated in Fig. 5 . This mirror has already been investigated in the context of low-cost adaptive-optics systems. 5 The hybrid wave-front sensor is configured to have the same geometry, i.e., 37 hexagonal astigmatic lenslets arranged to match the mirror's electrode configuration. The position of the optical pupil, chosen to minimize the f itting error, 5 is also shown in Fig. 5 and partially obscures the outer lenslets. Note that, because of the hexagonal actuator geometry, there can be no clear division of the actuators into those that are used to change just the curvature within the pupil and those that are used to change just the edge normal derivative of the phase. Figure 6 shows the response matrix for the mirror-sensor system (with no pupil aperture stop). Each element gives the response of a sensor signal to an actuator control. A finite-element model was used to calculate the inf luence functions of the mirror. Note the diagonal nature of the part of the response matrix that corresponds to the curvature signal. Each actuator results in a strong response in the Fig. 3 . Responses of the curvature signal to input phase aberrations corresponding to the f irst 37 Zernike polynomials. Note that most responses are close to zero. Fig. 4 . Small-signal responses of (solid curve) the curvature signal to pure defocus, ≠s c ͞≠c 5 , and (dashed curve) the x-tilt signal to pure Zernike x-tilt, ≠s x ͞≠c 3 , for different values of astigmatic parameter a. corresponding curvature signal of the sensor: the curvature part of the sensor appears well matched to the mirror.
A singular-value modal decomposition of this response matrix provides a measure of how well the mirror deformations are sensed by the sensor. Each singular value gives the sensitivity of its corresponding mode. Higher sensitivities give better signal-to-noise ratios in a system. Figure 7 shows plots of the modal sensitivities of the whole sensor and of the curvature and gradient components separately. The gradient-only sensor has a wide range of mode sensitivities, having modes with high sensitivities but suffering from low sensitivities for others. In contrast, the curvature-only sensor has almost equal sensitivities for all modes. The whole sensor combines the strengths of the gradient and curvature sensors: it has high sensitivities in the lownumbered modes but does not suffer from modes with low sensitivities.
As noted above the outer lenslets are partially obscured by the choice of optical pupil in Fig. 5 . The modal sensitivities of the sensor -mirror system that uses only the central 19 lenslets of the detector (but still uses all 37 mirror actuators) are shown in Fig. 8 . Again the combined sensor shows improved modal sensitivities compared with those of just the gradient or curvature sensors.
In conclusion, a new wave-front sensor that gives both curvature and gradient information but retains the simplicity of the Shack -Hartmann sensor has been proposed. The sensor can be designed to match existing curvature mirrors, giving an almost diagonal response for the curvature signals. The sensor has the advantages of increased modal sensitivities, which may increase the number of usable correction modes of a system.
